Chronic electrical stimulation of the brain, known as deep brain stimulation (DBS), has become a preferred surgical treatment for medication-refractory movement disorders. Despite its remarkable clinical success, the therapeutic mechanisms of DBS are still not completely understood, limiting opportunities to improve treatment efficacy and simplify selection of stimulation parameters. This review addresses three questions essential to understanding the mechanisms of DBS. 1) How does DBS affect neuronal tissue in the vicinity of the active electrode or electrodes? 2) How do these changes translate into therapeutic benefit on motor symptoms? 3) How do these effects depend on the particular site of stimulation? Early hypotheses proposed that stimulation inhibited neuronal activity at the site of stimulation, mimicking the outcome of ablative surgeries. Recent studies have challenged that view, suggesting that although somatic activity near the DBS electrode may exhibit substantial inhibition or complex modulation patterns, the output from the stimulated nucleus follows the DBS pulse train by direct axonal excitation. The intrinsic activity is thus replaced by high-frequency activity that is time-locked to the stimulus and more regular in pattern. These changes in firing pattern are thought to prevent transmission of pathologic bursting and oscillatory activity, resulting in the reduction of disease symptoms through compensatory processing of sensorimotor information. Although promising, this theory does not entirely explain why DBS improves motor symptoms at different latencies. Understanding these processes on a physiological level will be critically important if we are to reach the full potential of this powerful tool.
INTRODUCTION
Deep brain stimulation (DBS) is a highly effective surgical therapy for helping people with movement disorders re-establish control over their motor function. Much of its success has been based on long-term experiences with surgical ablation for managing hyperkinetic and hypokinetic states. 1 These procedures not only provided the impetus to develop a stereotactic apparatus for targeting deep brain structures, 2,3 but they also imparted critical knowledge of what brain regions are involved in the expression of motor signs for various movement disorders. 4, 5 Intraoperative electrical stimulation was recognized early on as an important prelesion targeting tool, capable of augmenting or suppressing motor signs depending on the frequency and amplitude of stimulation. In 1960, Hassler et al. 6 reported that low-frequency stimulation (Ͻ25 Hz) in the globus pallidus elicited contralateral tremor in parkinsonian patients, whereas high-frequency stimulation (25 Hz-100 Hz) applied to the same location suppressed tremor. Since then, similar stimulation-dependent effects have been reported in other nuclei and for other clinical indications (FIG. 1) . DBS offers important advantages over the immutable effects of ablative procedures, including the reversibility of the surgical outcome and the ability to adjust stimulation parameters postoperatively to optimize therapeutic benefit for the patient while minimizing adverse side effects. 7, 8 Thousands of DBS implants are now performed each year for a growing number of movement disorders. [9] [10] [11] Nonetheless, despite the clinical successes of DBS, we still lack a fully formulated theory for how DBS works. study and debate. This review integrates results from electrophysiological experiments, biochemical analyses, computer modeling, and imaging studies, to provide an up-to-date understanding of DBS mechanisms. The discussion focuses on three questions essential to understanding the mechanisms of DBS. 1) How does DBS affect individual neurons in, and axonal elements passing through, the region around the active electrode or electrodes? 2) How do these neural responses translate into observable benefit in motor symptoms? 3) How do these effects depend on the particular site of stimulation?
Significant progress has been made in recent years in addressing these questions, but there are notable gaps in the literature. Better understanding of the physiological processes underlying what makes DBS an effective therapy will allow us to improve the efficacy of current applications, simplify methods of optimizing stimulation parameters for patients currently receiving the therapy, 15, 16 and provide the rationale for developing new applications and new technology.
NEURAL RESPONSES TO DBS

Somatic activity in the stimulated nucleus
The earliest hypotheses on DBS mechanisms attempted to reconcile the similarity in clinical outcome after a lesion and during DBS by proposing that highfrequency stimulation (HFS) inhibits neurons and decreases output from the stimulated site. 7, 17 Consistent with this hypothesis are several studies showing that HFS in either the subthalamic nucleus (STN) or globus pallidus pars interna (GPi) suppresses somatic activity around the stimulated electrode. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] For example, Meissner et al. 27 recorded STN neuronal activity for For movement disorders, deep brain stimulation is an effective therapy that, similar to surgical ablation, encompasses several therapeutic targets within the sensorimotor network. DBS targets are indicated by lightning bolts. Line connection thicknesses within the basal ganglia network correspond to the relative proportion of a particular projection. Synaptic terminal shape sizes signify the degree of axonal branching of a particular cell type. Line color and terminal shapes represent the type of neurotransmitter involved in the signaling pathway (legend at top left for GABA, glutamate, and acetylcholine). CM ϭ centromedian nucleus of thalamus; CMA ϭ cingulate motor area; DCN ϭ deep cerebellar nuclei; GPe ϭ globus pallidus pars externa; GPi ϭ globus pallidus pars interna; M1 ϭ primary motor cortex; Pf ϭ parafascicular nucleus of thalamus; PMC ϭ premotor cortex; PN ϭ pontine nuclei; PPNc ϭ pedunculopontine nucleus pars compacta; PPNd ϭ pedunculopontine nucleus pars dissipatus; RTh ϭ reticular nucleus of thalamus; SMA ϭ supplementary motor cortex; SNc ϭ substantia nigra pars compacta; SNr ϭ substantia nigra pars reticulata; STN ϭ subthalamic nucleus; VA ϭ ventroanterior thalamus; Vim ϭ ventral intermediate nucleus of thalamus; VL ϭ ventrolateral thalamus. Figure compiled from data in Pahapill and Lozano, 81 Parent and Parent 168 , and Alexander et al. 169 several minutes before, during, and after HFS with parameters (100 A amplitude, 130 Hz frequency, and 60 s pulse width) that improved contralateral rigidity in parkinsonian monkeys. In that study, therapeutic stimulation decreased the mean firing rate in the majority of STN neurons, from 19 Hz to 8 Hz. They proposed that the decrease in mean firing rate resulted from resetting the firing probability of STN neurons by each stimulus pulse. Neurons resumed activity after approximately 3 ms following a stimulus pulse and returned to baseline after approximately 7 ms. By stimulating at 130 Hz, which corresponded to a 7.7-ms interpulse interval, these cells fired at their baseline rate for only a brief period of time, resulting in an overall reduction in mean firing rate. Bar-Gad et al. 25 reported that HFS in the globus pallidus (GP) resulted in a similar time-locked response in 70% of the GP cells recorded adjacent to the stimulation electrode. The average firing pattern of these cells consisted of an initial inhibitory response, followed by two excitatory phases at 3 ms and 7 ms. They also found that an additional 12% of neurons in the globus pallidus were completely inhibited over the stimulation period.
Because electrical stimulation is generally thought to excite neurons, the question then arises as to what mechanisms account for the resetting and overall reduction of somatic activity near the stimulated electrode? Several possibilities have been proposed, including depolarization block due to an increase in potassium current 28 or an inactivation of sodium channels, 29, 30 presynaptic depression of excitatory afferents, 31 and stimulation-induced activation of inhibitory afferents. 32, 33 Support for the depolarization block hypothesis comes primarily from in vitro experiments. Magariños-Ascone et al., 34 for example, reported that STN cells in rat brain slices increased their instantaneous firing rate during the initial stimulation period, after which these neurons failed to respond. In an in vivo situation, however, depolarization block is unlikely. Multiple studies have shown that HFS reduced, but did not completely block, neuronal activity. 19, 22, 27 Moreover, somatic inhibition could appear after a single stimulus pulse, 18 and both inhibition and recovery from inhibition occurred at latencies consistent with GABAergic postsynaptic current kinetics. 27 The fact that in vitro slices are often disconnected from their afferent inputs could explain the different results observed between the two experimental preparations.
Stimulus-evoked somatic inhibition may not apply to all neurons surrounding the active DBS electrodes. In vivo experiments indicate that a small number of STN neurons exhibit higher firing rates during STN HFS, which may result from activation of excitatory presynaptic terminals. 22 Similarly, thalamic neurons in regions that receive predominantly excitatory afferents exhibit an increase in somatic activity during thalamic HFS. 32a For cells exhibiting complex firing patterns during HFS, the delayed excitatory and inhibitory phases likely reflect a combination of intrinsic membrane dynamics and network effects. Hyperpolarization-activated cation (HCN) and low-threshold calcium (T-type) channel currents, for example, may be activated during HFS resulting in an excitatory time-locked rebound. 31, 33 The contribution of network and reentrant loops 35 also warrants further investigation with in vivo experiments that incorporate local infusion of specific antagonists during HFS.
Axonal output of the stimulated nucleus
In the previous section, we presented evidence that, overall, HFS reduces somatic activity in the STN and GPi. This somatic activity may not, however, necessarily parallel the output of the stimulated nucleus. Indeed, several experimental studies suggest that output is increased from an ostensibly inhibited nucleus, [36] [37] [38] bringing into question the mechanism underlying this paradoxical dissociation. One explanation argues that when a cell is exposed to extracellular stimulation, the stimulusinduced action potential initiates in the axon rather than in the cell body. A modeling study of thalamocortical neurons targeted by HFS found that the position of the neuron with respect to the electrode determined its output firing characteristics. 39 Neurons close to the stimulation electrode had their spontaneous activity suppressed by activation of inhibitory presynaptic terminals, and their axons were directly activated. Axonal spike output thus became time-locked to the stimulus frequency. The thalamocortical models also predicted that, even though stimulation current was subthreshold for direct axonal activation of neurons positioned farther away from the electrode, the stimulus could activate nearby axonal afferents extending inhibitory collaterals that innervate distal neurons. As a result, neural output of these cells resembled their somatic activity.
It is exceptionally difficult to directly record axonal activity; nevertheless, axonal firing can be indirectly monitored by recording from cells receiving afferent input from the stimulated nucleus. Taking this approach, Hashimoto et al. 37 demonstrated in parkinsonian nonhuman primates that neuronal firing rates in GPe and GPi increased in response to therapeutic STN HFS, suggesting increased output from STN (FIG. 2) . For stimulation parameter settings that improved contralateral rigidity and bradykinesia, a majority of pallidal neurons also showed a consistent pattern of response: two peaks of increased activity in the post-stimulus time histogram, at 3 min and 6.5 min. Surrounding the excitatory peaks were periods of inhibition, which were especially pronounced for GPi neurons. In contrast, during therapeutically ineffective stimulation, the overall firing rate and pattern of GPi activity did not change significantly. Comprehensive computer models of STN HFS in these monkeys confirmed that approximately 50% of model STN axons were activated during therapeutic stimulation (i.e., their axonal output was entrained to at least 80% of the stimulus pulses). 40 Furthermore, axonal activation of STN projection neurons was significantly higher for clinically effective than for clinically ineffective stimulation settings. These results indicate that therapeutic STN HFS activated subthalamo-pallidal projections and changed the discharge pattern of GPi neurons from an irregular to a more regular, stimulus-synchronized pattern of activity.
A complementary study by Kita et al. 41 demonstrated that the late excitatory responses in GPe after STN stimulation were glutamatergic in origin, whereas the delayed inhibitory phases in GPi were products of GABAergic signaling from GPe. This study also showed more pronounced inhibitory phases in GPi than those observed in the Hashimoto et al. 37 study. The relative importance of inhibitory GPe-GPi connections compared to excitatory STN-GPi connections in nonparkinsonian subjects (see the 1995 article by Calon et al., 42 for example) stimulated with small electrodes and long pulses may have contributed to the observed differences. Positron emission tomography (PET) experiments in humans have confirmed that blood flow in the region of GPi increases during STN HFS, 43 which is consistent with activation of output from the stimulated site. A functional MRI study also found an increase in blood oxygen level-dependent signal in GPi of patients undergoing STN HFS. 44 The 'output activation' hypothesis appears to hold for other target nuclei as well. 36, [45] [46] [47] A study examining motor scores in parkinsonian monkeys during GPe HFS 48 found that therapeutic stimulation parameters led to a pronounced reduction in firing rate and bursting in 67% of the recorded STN neurons, whereas only 31% of STN neurons were significantly inhibited for nontherapeutic stimulation. In untreated monkeys, Anderson et al. 36 reported that GPi HFS inhibited 77% of thalamic neurons, which is consistent with orthodromic activation of GABAergic projections. Montgomery 45 described a similar reduction in thalamic neuronal activity in humans during GPi HFS with time-locked responses involving an overall suppression in the firing probability, except for a brief excitatory phase at 3.5 ms to 5 ms. In a dystonic patient, Pralong et al. 46 observed that GPi HFS induced thalamic inhibition only in a subpopulation of ventralis oralis anterior (Voa) thalamic neurons that exhibited intrinsically high firing rates and a low burst index. Voa neurons expressing lower firing rates and a higher burst index were unaffected by GPi HFS. Because these unaffected neurons were located primarily in the anterior and medial regions of the Voa, 49 the disparity of thalamic responses could have reflected weak pallidal innervation. Alternatively, GPi HFS could have a less pronounced effect on Voa neurons with low (3-6 Hz) firing rates or with higher modulatory thresholds.
The inference of increased output to downstream nuclei is corroborated by evidence from neurochemical measurements. During STN HFS in human subjects with Parkinson's disease (PD), Stefani et al. 50, 51 detected an increase in pallidal cGMP, considered to be a secondary messenger in the glutamatergic signaling pathway, which was accompanied by improvement in clinical symptoms. Microdialysis studies during STN HFS in normal anesthetized rats detected elevated levels of 1) glutamate in both the substantia nigra pars reticulata (SNr) and the GP (rat analog of primate GPe), which is consistent with increased output from STN, 52, 53 and 2) GABA in the SNr, which may be a secondary effect or a result of suprathreshold current spreading into pallidonigral fibers of passage. 54 These studies have also shown that elevated GABA levels depend on the frequency of stimulation, closely mimicking the frequency-response curves reported in clinical applications of DBS. 52 Boulet et al. 55 suggested that neurochemical effects of HFS also depend on the amplitude of stimulation and whether or not the subject is parkinsonian. At high stimulation amplitudes (75-200 A), sufficient to evoke contralateral forelimb dyskinesias, STN HFS increased glutamate and GABA in the SNr of intact rats, but only glutamate in the SNr of 6-hydroxydopamine (6-OHDA) lesioned rats. At subthreshold stimulation amplitudes (Ͻ60 A) for these dyskinesias, GABA but not glutamate increased in 6-OHDA lesioned rats and no change was seen in intact rats. Together, these measurements are compatible with electrophysiological recordings showing elevated SNr activity with high-amplitude STN HFS and reduced activity with low-amplitude STN HFS. 38 The different GABAergic responses observed for parkinsonian and normal rats are difficult to reconcile. Given the small size of the STN in rats and the large stimulation amplitudes applied with these experiments, one possibility is that current inadvertently activated adjacent GABAergic fibers of passage from the striatum or antidromically excited GABAergic axon collaterals from the SNr (or both). Antidromic activation of afferent cortical projections during STN HFS may have also affected cortical and subsequently striatofugal activity. 41, 56 Additionally, stimulation may have orthodromically activated GPe-STN projection neurons that extend inhibitory collaterals into SNr. 57 These considerations attest to the complex pattern of excitation and inhibition that is likely to emerge in response to stimulation and the importance of incorporating polysynaptic pathways and adjacent fiber tracts into the interpretation of experimental findings.
Activation of fiber tracts of passage
In considering therapeutic mechanisms of DBS, the primary focus has been on the response of neurons within the stimulated nucleus. However, stimulation currents sufficient for axonal activation can spread outside the borders of the anatomical target. This is especially true for the STN, which is a small nucleus surrounded by several major tracts of fibers. 58 Pallidothalamic fibers within the lenticular fasciculus (LF), or H2 field of Forel, run dorsal to the STN and carry inhibitory fibers from the GPi to the thalamus. A computer modeling study of STN HFS in parkinsonian monkeys found that stimulation intensities, which were therapeutic for bradykinesia and rigidity, activated a significant number of these fibers. 40 Plaha et al. 59 have argued that current spreading into the zona incerta, a small nucleus dorsal to the LF, also contributed to the beneficial effects of STN HFS on parkinsonian symptoms. Likewise, the reduction of tremor with STN HFS has been hypothesized to stem from direct excitation of cerebellothalamic fibers coursing through the fields of Forel. 60, 61 High-frequency stimulation of the STN may directly activate nigrostriatal and pallidonigral fiber tracts and thus contribute to a therapeutic effect by modulating the release of dopamine. [62] [63] [64] [65] [66] Although animal studies have shown a significant increase in striatal dopamine with STN HFS and have offered an attractive explanation for improvement of PD symptoms coincident with a reduction in antiparkinsonian medication, to date there is no evidence that a similar process occurs in humans. Several PET studies using [ 11 C]raclopride to measure dopamine binding have failed to show changes during STN HFS, suggesting that the therapeutic effects of STN stimulation are not mediated by striatal dopamine release. [67] [68] [69] However, advanced-stage PD patients have fewer SNc neurons available to release dopamine, and with PET imaging of such patients one may be less likely to observe a change in dopamine levels sufficient for detection. Future studies using microdialysis or voltammetric techniques in conjunction with behavioral analysis may help resolve this controversy. Another possibility is that the stimulation paradigms and electrodes used in the rodent experiments may be more disposed to current spreading beyond the borders of STN and, therefore, are more likely to have a higher proportion of nigrostriatal fibers directly activated.
In addition to the fibers passing adjacent to the target nucleus, stimulation currents may also activate fibers coursing through the target nucleus. The GPi, for instance, contains a rich set of collateralizing fibers that in turn target other nuclei. 70 Anatomical tracing studies have found that approximately 40% of GPe cells send projections to the STN through the GPi. 57 Thus, stimulating the GPi may influence the STN directly, by activating GPe GABAergic fibers of passage. In primates, nigrostriatal axons collateralize in both GPe and GPi, forming dense fiber bundles along the medullary laminae en route to the putamen. 71, 72 Although one study showed that stimulation in the entopeduncular nucleus (rat homolog of the primate GPi) had no significant effect on striatal dopamine release, 73 the results may not translate to primates, which have significantly different pallidal anatomies from those in rodents. 10 The potential therapeutic role of activating fiber bundles running near or within the target structure remains to be determined, but the potential for stimulating these fibers of passage should be taken into consideration when interpreting neural responses to DBS.
THERAPEUTIC MECHANISMS OF DBS
Approaches to studying the mechanisms of DBS
There are many experimental approaches to studying the mechanisms of DBS, as outlined in the previous section. Because methodological differences can affect observed responses, it is important to consider the state of the preparation (in vitro or in vivo; anesthetized or awake; normal or pathological), stimulation parameters (current amplitude is the most difficult to compare across studies), stimulation duration (milliseconds versus hours), and the type of stimulation electrode used, its relative size and exact location-all of which can affect the volume of tissue influenced by stimulation. Also, one cannot overemphasize the importance of a behavioral correlate in DBS experiments. Observed stimulation effects are relevant to therapeutic mechanisms of DBS only if they accompany improvement in disease symptoms. Valuable information may be obtained from experiments using brain slices, anesthetized, or naïve animals, but conclusions from these studies regarding the therapeutic mechanisms of DBS must be interpreted with caution. We have observed significantly different neuronal responses with stimulation parameters that did and did not produce a therapeutic effect.
37
Regularization of pathological activity
A proposed mechanism of DBS that is consistent with an increase in neural output from the targeted region is that stimulation overrides pathological neuronal discharge by imposing a more regular effect on downstream nuclei. 74, 75 Both experimental 37, 76 and modeling 77 studies have shown that HFS replaces intrinsic irregular activity with activity that is time-locked to the stimulus. Regularization of GPi firing by STN HFS appears to reduce the disorder (entropy) of neuronal signals (A. Dorval, personal communication) and restores the responsiveness of thalamocortical cells to synaptic inputs (e.g., sensorimotor information), despite increased inhibitory drive. 78 Frequencies greater than 100 Hz typically provide symptom relief and frequencies below 20 Hz often worsen symptoms, perhaps by adding spikes to an already irregular pattern of spontaneous firing or by promoting bursting behavior in downstream nuclei. Neurochemical studies support this claim, showing that low-frequency stimulation does not lead to the neurochemical and molecular changes seen with HFS. 52, 79 However, not all nuclei or clinical indications require stimulation at frequencies greater than 100 Hz. DBS in the pedunculopontine nucleus (PPN), for example, is most effective at stimulation frequencies between 20 Hz and 60 Hz. 80 PPN neurons exhibit lower baseline firing rates (ϳ15 Hz on average) than those observed in other nuclei. 81, 82 In dystonic cases, in which pathological GPi firing rates are thought to be lower than in PD, therapeutic DBS frequencies may also be lower. 83, 84 There are two possible mechanisms by which stimulation at frequencies greater than a neuron's own spontaneous rate can override the neuron's intrinsic output. First, antidromic action potentials initiated in axon collaterals may collide with orthodromic soma-or dendriteinitiated spikes, thereby blocking the intrinsic irregular pattern of activity from being conducted down the axon. Second, antidromic invasion of the soma may prevent the cell from discharging spontaneously, because of the refractory period associated with such activity. In both cases, irregular activity would be replaced by a more regular pattern of discharge. Even though this tonic, high-frequency firing pattern is not considered normal, it is seemingly devoid of informational content. The resulting 'informational lesion' may thus prevent pathological activity from being transmitted and amplified within the sensorimotor network. 77 Analysis of DBS experimental data supports the concept that neural pattern, rather than firing rate, is an important determinant of the pathologic state and the therapeutic effects seen with DBS. 37, 74, 75, 85 In addition to changes in mean rate and irregularity of neuronal discharge in the basal ganglia, certain movement disorders are also characterized by the development of rhythmic, oscillatory activity. 86, 87 Most notably in PD patients, synchronized bursting was present between the STN and the GPe, [88] [89] [90] in which oscillatory frequencies in the range of 15 Hz to 30 Hz (beta range) tended to predominate. 91 After dopaminergic treatment (e.g., levodopa), the power of these oscillations in the GP attenuated. 88 A similar effect in the GP was shown for clinically beneficial STN HFS parameter sets in humans. 92 Experimental evidence has also suggested that STN HFS decreases neuronal burst activity in the STN and its target nuclei. 20, 27, 37 As a result, reduction of pathological activity and its transmission through the network could be responsible for amelioration of motor symptoms during DBS.
Effects on coactivation of competing motor programs
If indeed DBS creates an 'informational lesion' in the stimulated tissue, what pathological information does DBS suppress? And, how might this relate to the observation that clinical benefits with DBS occur when a sufficient number of downstream neurons are modulated? One possibility, which accounts for motor signs of movement disorders, involves the theory of 'focused selection.' According to this theory, sensorimotor outputs from the GPi and the SNr work to inhibit competing motor programs that interfere with a desired set of movements. 93, 94 Abnormally correlated activity within the basal ganglia would then lead to coactivation of competing motor programs and undesirable activation of agonist and antagonist muscle activity. These pathological correlations would also result in an inability to facilitate appropriate motor sequences, leading to further breakdown in focused selection. 95 Several studies have provided experimental evidence in support of this hypothesis. Parkinsonian nonhuman primates were shown to express significantly more multiple-joint receptive fields in the GPi 96 and the thalamus 97, 98 than did normal monkeys. During movement, most of these neurons were activated, whereas the activation-to-inactivation ratio was reversed for nonparkinsonian monkeys. 99 In dystonia, experimental recordings showed enlarged receptive fields of dystonic joints in the somatosensory cortex, 100 thalamus, 101 and globus pallidus 102, 103 (but also see the 2003 article by Hutchison et al. 104 ). Are these single-and multiple-joint representations in the thalamus and cortex in any way transformed by DBS? And if so, does DBS directly induce these changes, or does it instead facilitate compensatory mechanisms that indirectly re-establish 'normal' receptive fields along the thalamocortical pathway? Although these questions remain unanswered, it is likely that suprathreshold currents generated during therapeutic DBS spread a few millimeters into tissue 105 and thus simultaneously affect multiple motor processes or motor representations. In the sensory and motor cortex, for instance, repetitive electrical stimulation is known to induce receptive field plasticity of the sensorimotor representation. 106 Similarly, ablation of a particular sensorimotor representation in the cortex can trigger a functional reorganization of the surrounding nuclei to compensate for the lesion. 107 It is also possible that neuronal populations adjacent to a DBS electrode, but not directly affected by the stimulation, reorganize their intrinsic functionality. Studies examining receptive field stability in response to HFS may shed some light on such hypotheses of compensatory mechanisms enabled by therapeutic stimulation.
Therapeutic latencies during DBS onset and with cessation
Stimulation may induce both short-term and long-term changes in network activity. This is exemplified by the period of time necessary to achieve full reduction of symptoms once stimulation is initiated and the prolonged therapeutic effect once stimulation is stopped 108 (FIG.  3) . Recording experiments show that neural activity at the site of stimulation or in the site receiving projections from the stimulated site returns to baseline within milliseconds or seconds after stimulation ends, but it may take minutes, hours, or even days in some cases for symptoms to worsen. 108, 109 When stimulation is initiated in PD patients, improvement in gait may take hours to occur, whereas tremor may disappear almost instantly. 110, 111 A similar temporal disparity occurs with dystonia patients. Krauss et al. 112 noted that phasic dystonic movements were often relieved within minutes of stimulation onset, whereas improvement in tonic posturing took several months to fully manifest. Preliminary evidence with DBS for Tourette syndrome has also suggested that improvement in tic severity could take several weeks to reach a maximum effect. 113 To account for these observations one would seemingly need to propose that there are changes occurring within the network over multiple timescales. Cessation of abnormal synchronization may be an immediate effect of DBS, but anatomical reorganization (e.g., synaptic plasticity) is likely to be a much slower process. Shen et al. 114 demonstrated in a brain slice preparation that HFS in the rat STN produced three types of synaptic plasticity at glutamatergic synapses. 114 The three types were 1) short-term potentiation (ϳ5 min) of the evoked postsynaptic current (EPSC), which may indicate increased glutamate release from presynaptic terminals; 2) long-term potentiation (Ͼ30 min) of the EPSC associated with probable changes in postsynaptic protein expression; and 3) long-term depression (Ͼ30 min) of the EPSC, which may signify modification of presynaptic regulation. Whether these effects are present in vivo will require further experimental investigation. Future studies will also need to clarify the physiological mechanisms behind observations of neural responses evolving with HFS over a time scale of milliseconds to seconds. There is mounting evidence that the mechanisms underlying the therapeutic latency may depend on the DBS target and parameters of stimulation. Vitek et al. 47 reported that improvement in bradykinesia in PD patients occurred within seconds for GPe HFS, but the equivalent therapeutic effects took half a minute or more for GPi HFS, and they were preceded by a period of aggravated symptoms. In that study, GPe HFS at times induced dyskinesias that would start in the hand and over minutes spread from the upper extremities to the leg. Wu et al. 24 reported that the latency of onset for dyskinesia suppression during GPi HFS decreased from 5 s to 1 s as the frequency of stimulation increased from 80 to 100 Hz. Higher frequency stimulation (185 versus 135 Hz) also appeared to decrease the therapeutic latency on rest tremor in PD patients. 115 For motor signs that take days to weeks to improve following onset of stimulation and to develop following cessation of stimulation, the mechanisms that underlie these delays and the effects of varying stimulation parameter settings have not yet been investigated in detail.
Variability in long-term outcome
In some patients, motor symptoms may take many weeks to return after a period of chronic DBS, whereas in others the same symptoms reappear almost immediately after the neurostimulator is turned off. Lozano 116 reported that tremor patients responded differently to Vim HFS. In 40% of patients, the mere implantation of the DBS system led to a significant reduction in tremor, and stimulation added additional benefit. Other patients (30%) responded well to DBS initially, but developed a tolerance to the therapy over time. Remarkably, the remaining group of patients showed good benefit from DBS and eventually no longer needed to turn on the neurostimulator. For some DBS patients with dystonia, discontinuing stimulation resulted in a clinical rebound effect with acutely severe symptoms, 109, 117, 118 whereas in other patients motor signs took hours, days, months, and in some cases years to return (B. Walter, personal communication). Although it is possible that stimulation could form a functional lesion in the tissue surrounding the active electrode contact or contacts, post mortem histology of DBS patients does not support this argument. 119, 120 What then accounts for this variability in long-term outcome? Yianni et al. 109 speculated that the pathological low-frequency oscillations observed in patients with tremor, familial myoclonic dystonia, parkinsonian dyskinesias, and multiple sclerosis could promote axonal sprouting. They proposed that long-term HFS in certain nuclei might have reversed these pathological connections and thus allowed the network to resynchronize on normal rhythms. In support of this prediction, thalamocortical projection neurons displayed reorganized synaptic connections for at least 1 year following a lesion in the GPi and SNr, 121 with different effects on each GABAergic subtype. 122 The latter finding is particularly noteworthy, in that GABA A and GABA B receptor densities in GPi are known to be abnormal in PD patients with levodopa-induced dyskinesias. 123 Is it possible that axonal sprouting or synaptic plasticity, or both, are more tractable for certain patients or for certain DBS targets?
Others have hypothesized that HFS may be neuroprotective. [124] [125] [126] In monkeys, several weeks of continuous STN HFS, preceding or following systemic injection of the dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), resulted in 20% more tyrosine hydroxylase-positive (TH ϩ ) cells in the ipsilateral SNc. Similarly, kainic acid lesions of the STN appeared to have a protective effect on dopaminergic SNc neurons during subsequent injections of the neurotoxins 6-OHDA in rats 127 and MPTP in monkeys. 124 STN ablation after injection of these neurotoxins could also recover damaged dopaminergic neurons in the SNc; however, when the DBS implant or injection volume extended into fibers of passage surrounding the STN, a notable reduction in TH ϩ SNc cells occurred, which may reflect nigrostriatal axotomy. 125 The authors of these studies speculated that the neuroprotective effects resulted from a reduction in glutamate excitotoxicity by limiting STN input into SNc. Although this hypothesis is not congruent with evidence of increased output activity during DBS, other mechanisms may explain their results, including the release of neurotrophic factors or stimulation of GABAergic fibers of passage that innervate the SNc.
THERAPEUTIC TARGETS OF DBS
Why so many targets?
Remarkably, the clinical benefits of DBS can be generated by targeting any one of a number of different regions in the brain, which emphasizes the role of network malfunction in movement disorders (FIG. 1) (see also other reviews of DBS elsewhere in this issue [128] [129] [130] [131] ). The primary targets of DBS for PD include the sensorimotor STN and GPi, 132 and recent studies suggest that the PPN, 80 GPe, 47 and motor cortex 133 are also effective targets. For most dystonias, the posteroventral GPi is now the preferred site of stimulation. 112 The STN 134, 135 has also garnered some attention, and the posterior part of the ventrolateral thalamic nucleus (VLp) seems to be especially beneficial for patients with secondary dystonias. 136 The Vim nucleus of the thalamus continues to be the primary target for essential tremor, 137 although stimulation near the STN may also improve essential tremor and both STN and GPi DBS improve the tremor associated with PD. 61, 138 At least three regions have been targeted for Tourette syndrome, including the centromedian-parafascicular nucleus, 113, 139, 140 anterior GPi, 113, 141, 142 and anterior limb of the internal capsule. 143 Given the multiplicity of effective stimulation targets, the question naturally arises whether the therapeutic mechanisms are the same. Or, to put it another way, are the compensatory network processes enabled by DBS identical for each target?
Several recording and imaging studies indicate that the cortical responses to STN HFS and GPi HFS differed for patients performing a movement-related task, even though no observable differences were apparent in task performance. Devos et al. 144, 145 reported that in a series of PD patients both STN HFS and GPi HFS reduced pathological desynchronization over premotor cortex and increased desynchronization over primary motor cortex during movement execution. During movement planning stages, however, GPi HFS did not facilitate an increase in primary motor cortex desynchronization but STN HFS did. 144 Comparison of PET data on responses between STN HFS and GPi HFS suggested that clinically effective stimulation of both targets led to supplementary motor cortex and cingulate cortex activation during a joystick task. 146 STN HFS produced higher cortical activation in general, however, and especially over the dorsolateral prefrontal cortex (DLPFC). Indeed, anatomical tracings have shown that STN neurons project to SNr, which in turn target the DLPFC through the nigral-receiving area of thalamus. 147 Nonetheless, it seems plausible that GPi HFS could have antidromically activated STN projections collateralizing in both the GPi and the SNr and thus indirectly affected the DLPFC.
Future studies with larger patient groups are warranted to determine whether different cortical responses evoked by STN HFS and GPi HFS are simply an epiphenomenon or, alternatively, reflect different compensatory mechanisms. Such studies in patients with PD should also take into account the improvement in motor symptoms produced by each site, relative to each patient's response to medication and the lead location within each target, to ensure that a reasonable comparison can be made. Well-placed leads in one structure compared with poorly placed leads in another will provide little insight and serve no useful purpose.
Targets within a target: the concept of motor subcircuits
Conventional thinking with DBS lead implantation is to place at least one electrode contact within the sensorimotor territory of the target nucleus. 13 According to anatomical and electrophysiological studies, however, these sensorimotor regions are further demarcated into segregated, reentrant motor subcircuits with different subcortical-cortical projections. Hoover and Strick 148, 149 showed that injection of trans-synaptic anatomical tracers into either the arm region of the motor cortex (MC) or the supplementary motor area (SMA) labeled different subregions of the sensorimotor GPi. Similarly, electrical stimulation of the MC in awake monkeys modulated neuronal activity in the posteroventral globus pallidus related to the execution of movement, whereas SMA stimulation modulated neurons in the anterodorsal pallidum associated with the planning of movement. 150, 151 Recent DBS studies examining therapeutic outcomes of stimulating specific subregions of the STN and GPi provide preliminary evidence that targeting multiple motor subcircuits is necessary to improve the various motor signs of PD. For STN HFS settings that improve parkinsonian symptoms, PET imaging showed that both MC and SMA activity were reduced at rest, whereas the SMA, superior parietal cortex, and cerebellum were activated during movement. 152 Three independent studies observed that monopolar HFS through electrode contacts in the ventral GPi significantly improved rigidity and levodopa-induced dyskinesias, and at times worsened bradykinesia. [153] [154] [155] On the other hand, stimulation of the proximal contacts putatively within the dorsal GPi led to improvement in bradykinesia and rigidity, but occasionally produced dyskinesias at higher voltages. These studies were unable to quantify the extent of current spread in each patient, making it unclear what cellular substrates were actually modulated for each stimulation paradigm. In fact, based on the 10.5-mm length of the lead over which the contacts extended, the dorsal contacts that relieved akinesia and at times produced dyskinesia were likely in the GPe, not the GPi. 47 Additionally, the worsening of bradykinesia observed with stimulation in more ventral regions of the GPi could have resulted from activation of adjacent corticospinal tract fibers. 156 Future studies will need to incorporate higher resolution imaging techniques, as well as computational models of current spread (on a patientspecific basis), to help identify what subregion or subregions underlie the clinical benefits of DBS.
What to avoid: targets that lead to undesirable side effects
Stimulation current spreading into regions adjacent to the DBS target has been shown to produce undesirable sensorimotor side effects, including paresthesias, speech difficulties, dystonias, dyskinesias, and contractile movements. The mechanisms underlying certain side effects are fairly well understood. For example, activation of the corticospinal tract within the internal capsule causes contralateral muscle contractions. 157, 158 A recent computer modeling study described promising results in the prediction of current spread during DBS. 159 In these experiments, the locations of electrode contacts were reconstructed from postoperative MRI data, and a three-dimensional brain atlas was warped to the patient's MRI to identify anatomical structures and their position with respect to the stimulated electrode or electrodes. The patient-specific volume of tissue activated (VTA) was constructed using theoretical models of the DBS voltage field and axonal responses to extracellular stimulation. The patient was clinically evaluated with electromyography at various stimulation parameter settings. The model generated VTA values that accurately predicted the spread of stimulation into the corticospinal tract for stimulus parameters that generated electromyographic responses. Other sensorimotor side effects, however, are not as well understood. Worsening of dyskinesia or dystonia can appear during initial DBS programming sessions, but these symptoms decline after several hours of continuous stimulation. 160 Deep brain stimulation can generate cognitive side effects as well, including mood changes, 161 depression, 162 decreased working memory performance, 163, 164 impulsivity, 165 and hallucinations. 166 One explanation for the emergence of such cognitive side effects is that suprathreshold currents spread into nonmotor regions within the basal ganglia and thalamocortical networks. 13 Stimulation of the substantia nigra pars reticulata, for instance, was shown to evoke acute feelings of sadness in some patients. 162 This side effect has not been consistent in all cases, however, and the question arises as to whether certain DBS patients have the pathophysiology of a cognitive disorder, but do not fully express the symptoms until DBS perturbs the underlying circuitry. Additional studies are clearly needed to examine the mechanisms by which sensorimotor and cognitive side effects occur with DBS, which may then provide the rationale for better ways to avoid generating them.
Future targets and modalities for DBS in movement disorders
Deep brain stimulation by any account has been a remarkably successful therapy for movement disorders, yet there remain notable opportunities for improvement on a patient-specific basis. Given the relatively small size of certain targets (such as the STN) and the complexity of others (such as the PPN), there is a specific need to develop more advanced DBS electrode systems and stimulation paradigms. DBS leads with directionally segmented electrodes instead of cylindrical electrodes may facilitate current steering away from regions involved in the generation of side effects. Advanced stimulation patterns with multiple independent current sources may also provide better targeting of the neural elements underlying the clinical benefit. Along these lines, stimulating multiple regions simultaneously, or with interleaved pulses (for example, GPi/STN or GPe/GPi), may impart more robust improvement of all motor symptoms.
Our growing understanding of the physiological mechanisms of DBS will likely lead to the development of closed-loop systems that use the brain's electrical or chemical activity as a feedback signal to adjust stimulation parameters dynamically to achieve an optimal level of therapeutic effect and conserve battery life of the neurostimulator. Many movement disorders also involve cognitive and autonomic dysfunction, which are not directly treated by current DBS approaches (see the 2004 article by Braak et al., 167 for example). Future DBS trials may look to treat these nonmotor symptoms by delivering stimulation to other regions of the brain.
CONCLUSIONS
Early hypotheses on DBS mechanisms proposed that stimulation inhibited neuronal activity at the site of stimulation, imitating the effects of surgical ablation. Recent studies have challenged that view, suggesting that, although somatic activity near the DBS electrode may be suppressed, HFS increases and regularizes the output from the stimulated nucleus by directly activating axons of local projection neurons. It now appears that suprathreshold currents spreading into regions comprised of axonal fibers passing near or through the target structure as well as surrounding nuclei may also contribute to the beneficial effects of DBS. Together, the stimulation-induced regularization of neuronal output patterns is thought to prevent transmission of pathologic bursting and oscillatory activity within the basal gangliathalamocortical network, thereby enabling compensatory mechanisms that facilitate normal movements. This theory, however, does not entirely explain why therapeutic latencies differ between motor symptoms, nor why the reemergence of motor symptoms after DBS is turned off differs among patients. Understanding these processes on a physiological level will be critically important if we are to reach the full potential of DBS as a surgical therapy and will in turn undoubtedly lead us to technological and clinical advancements in the treatment of other neurological disorders.
